All relevant data are within the manuscript.

Introduction {#sec001}
============

Otitis media still is one of the most common children's diseases and the most frequent cause to seek medical advice \[[@pone.0232655.ref001]\]. The cause of an otitis media often is not completely clear \[[@pone.0232655.ref002]\], but a dysfunctional Eustachian tube contributes to middle ear effusion and alteration of the mucous membrane \[[@pone.0232655.ref003]\] which can also lead to retraction and/or perforation of the tympanic membrane \[[@pone.0232655.ref002]\] or contribute to the formation of cholesteatoma \[[@pone.0232655.ref004]\].

The Eustachian tube (ET), also called auditory tube or pharyngotympanic tube, is part of a system comprising nose, palate, nasopharynx and middle ear \[[@pone.0232655.ref005]\]. It is lined with epithelial cells, forms the only connection between middle ear and nasopharynx \[[@pone.0232655.ref006]\], and its main functions are ventilation of the middle ear, clearance of secretion, and protection against direct sound transmission and pathogenic microorganisms \[[@pone.0232655.ref007]\]. ET dysfunction, which has an incidence of about 1% for adults \[[@pone.0232655.ref008]\], can be connected to a number of different symptoms but nevertheless is still not clearly defined \[[@pone.0232655.ref009]\].

First therapeutic approaches to treat ET dysfunction are Valsalva-maneuver, nasal douche with sodium chloride solution or nasal sprays containing decongestants or corticoids. More invasive treatment options are paracentesis of the tympanic membrane if necessary with the introduction of a grommet \[[@pone.0232655.ref002]\], laser tuboplasty \[[@pone.0232655.ref002],[@pone.0232655.ref010]\] and more recently balloon dilatation of the Eustachian tube (BET) \[[@pone.0232655.ref011],[@pone.0232655.ref012]\]. All these treatment options can provide benefits, but the success rate of most of them especially if seen on the long term remains under debate. A detailed review on possible treatments comes to the conclusion that no trial on any of these interventions can currently be recommended and that a clear definition of ET dysfunction in adults is still missing \[[@pone.0232655.ref013]\].

Additionally, there are new treatment options--such as stents for the ET--under development striving to facilitate ventilation of the middle ear and enable clearance of secretion. These stents shall be inserted into the ET via nose and pharyngeal orifice of the ET and underwent first successful tests in cadavers \[[@pone.0232655.ref014]\] and sheep \[[@pone.0232655.ref015]\]. In order to ensure safe application, stent sizes have to be appropriate for the individual patient and tools for atraumatic positioning have to be developed.

Therefore, the aim of the current study was to evaluate the dimensions and position of the human ET and to determine space limitations for possible insertion instruments based on a retrospective evaluation of clinically available cone beam CT scans with special emphasis to possible variations with side, gender, and age.

Material and methods {#sec002}
====================

Patients {#sec003}
--------

Patients undergoing cone beam computer tomography (CBCT) in the clinic for Cranio-Maxillo-Facial Surgery between 2012 and 2017 for different reasons such as exclusion of fracture after trauma and preoperative planning of surgeries for dysgnathia or insertion of dental implants were retrospectively evaluated. Included were only patients with the complete ET, palate and nasopharynx on the scans. Amongst the 143 included patients (bilateral analysis: 286 ET's) were 77 males and 66 females between 4 and 94 years with 96 of them being 18 years of age or older. Age and gender distributions are provided in [Fig 1](#pone.0232655.g001){ref-type="fig"}.

![Age distribution of all investigated 143 patients.](pone.0232655.g001){#pone.0232655.g001}

Patient folders were evaluated regarding any pre-existing conditions or interventions that might affect the anatomy of the ET, nasopharynx or middle ear. Due to orofacial cleft, dysgnathia, other anomalies or a tumor in the nasopharynx, 14 patients were excluded from statistical evaluation and additional 2 patients because of poor image quality. All patients or their parents agreed to their data being used for scientific studies and provided written informed consent before performing the respective diagnostics. Ethics Committee of Hannover Medical School written approval was granted under number 3623--2017 before the start of the study.

CBCT {#sec004}
----

Scans were performed at 105 kV and 5.1 mA using a PaX-Zenith3D system (VA TECH, Hwaseong, Korea). The field of view was defined at 160x140 mm with a resolution of 0.3 mm in all 3 dimensions. Window width and window level were set between 4200 and 9500, and 1000 and 2500, respectively. Datasets were exported in DICOM format.

Measurements {#sec005}
------------

Datasets were imported in Osirix MD V1.0.2.16 (pixmeo SARL, Bernex, Switzerland), anonymized and used for virtual 3D reconstruction of the images and presented in CT-bone mode with only minimal adjustments regarding contrast and brightness. These parameters remained constant for all measurements, if not otherwise stated ([Fig 2A and 2B](#pone.0232655.g002){ref-type="fig"}). Measurements were performed using the 3D Curved MPR tool. In a first step, points A (tympanic orifice of the ET) ([Fig 3A](#pone.0232655.g003){ref-type="fig"}), B (transition from cartilaginous to bony ET), and C (pharyngeal orifice of the ET) were roughly defined (Curved Path tool) to determine the course of the ET. In the horizontal plane where the basal turn of the cochlea is located regularly at the same plane as the tympanic orifice (TO) of the bony ET, point A was moved to the center of the orifice ([Fig 3B](#pone.0232655.g003){ref-type="fig"}). In the same way also positions of points B (isthmus) and C (pharyngeal orifice, PO) were corrected such that both were positioned in the center of the ET. After turning the virtual image in a way that points A and B were visible in the same plane, positions of both were corrected in order to have point A directly at the intersection from the hypotympanic recess to the bony part of the tube ([Fig 3C](#pone.0232655.g003){ref-type="fig"}). Point B was set at the first opening of the circular bone of the bony ET. This point served as marker for the transition from the bony to the cartilaginous ET. With a further turning of the viewing planes points B and C became visible. Now, position of point C was corrected such that it was moved to be just beneath the lateral wall of the torus tubarius and the connection of both points was mainly within the tube (as far as it was visually detectable) ([Fig 3D](#pone.0232655.g003){ref-type="fig"}). The definition of these 3 points provided the basis for all further measurements.

![Screenshots of the scans during evaluation in Osirix.\
**a**: Sagittal viewing plane of one of the patients. The black line indicates the viewing plane in B. **b**: Virtual plane through the head with pharyngeal orifices (marked by white arrows) and tympanic orifices (black arrows). **c**: Determination of the angle between the cartilaginous ET and the sagittal plane. Points A, B, C indicate the tympanic orifice, the transition between bony and cartilaginous parts of the ET and the pharyngeal orifice, respectively. The sagittal plane (white line) was defined by the nasal spines and then moved aside until point C was reached. The angle between the connection B-C and the sagittal plane was measured. Point A is indicated but actually not in the viewing plane. **d**: Determination of the angle between the cartilaginous ET (connection B--C) and the horizontal plane. The horizontal plane (white line) was determined by the palatum durum and then moved until point C was met.](pone.0232655.g002){#pone.0232655.g002}

![Screenshots of the detailed positioning of tympanic orifice and pharyngeal orifice.\
**a**: First rough position of point A, the marker of the TO. **b:** Moving point A to the center of the TO in the horizontal plane, where the basal turn of the cochlea is visible (indicated by the black arrow). **c:** The visual plane was turned to have points A and B in the same plane. The line perpendicular to the connection of A and B was moved along the connection line until it met the transition from the bony tube to the hypotympanic recess (indicated by black arraw). Point A was then moved to the crossing of both lines. **d:** Same procedure as in c but for the pharyngeal orifice. Here, the medial end of the torus tubarius was taken as reference for the auxiliary line perpendicular to the connection B to C (white arrow).](pone.0232655.g003){#pone.0232655.g003}

The distances A-B (bony ET) and B-C (cartilaginous ET) were determined and the total length was calculated by summation of both. Additionally, the direct distance A-C was measured. To determine how far the ET appears open in the scans in the naturally closed condition, the viewing plane was set to be perpendicular to the axis of the cartilaginous ET and moved from point C to the end of the air filled part of the ET as the connection line B-C must not necessarily go through this point. The referring distance could then be measured in a perpendicular plane to the described one.

The diameter of the PO was measured when moving the viewing plane along the B-C axis to the point where the cartilage is closed around the air filled lumen of the tube for the first time when seen from nasopharynx. The largest diameter and the diameter perpendicular to the largest one were measured. Additionally, the distance of this point from C was determined. To further enhance contrast, these measurements were performed with standard WW/WL and CLUT/Perfusion settings.

To determine the diameter of the bony ET at the TO, CT-Bone and CLUT/Perfusion settings were applied. Largest diameter and the diameter perpendicular to it were measured at point A when the viewing plane was perpendicular to the axis A-B. Half way between A and B the diameter of the bony ET was measured again as described above.

For designing instruments for safe insertion of stents in the ET it is also important to know the distance / space between nasal conchae and pharyngeal orifice of the ET. Starting from point C (PO) an additional point was defined marking the posterior end of the concha nasalis inferior. The distance between both points was then determined as measure for the distance between the nasal conchae and the PO.

To determine the position of the axis of the ET in the head, angles in relation to horizontal and sagittal planes were determined. The sagittal plane was defined by anterior and posterior nasal spines. This plane was then moved aside to point C ([Fig 2C](#pone.0232655.g002){ref-type="fig"}). The horizontal plane was defined by the palatum durum. Also this plane was moved parallel to point C ([Fig 2D](#pone.0232655.g002){ref-type="fig"}). The angles of the projections of B-C and A-C on the sagittal plane were measured against the horizontal plane having C in the angular point. Same procedure was repeated for the projections of B-C and A-C on the horizontal plane and angles were measured against the sagittal plane. From these measured angles, effective curvature of the tube and the actual deviation of the axes of the ET from sagittal and horizontal planes could be calculated. Additionally, the deviation of the axis of the cartilaginous part of the ET from the insertion direction of any instrument through the nose parallel to the intersection of horizontal and sagittal planes was calculated.

Statistical evaluation {#sec006}
----------------------

Statistical evaluation was performed using Prism version 7.04 (GraphPad, LaJolla, US). Patients were divided into 9 groups according to age as follows: G0: \<10, G1: 10--19, G2: 20--29, G3: 30--39, G4: 40--49, G5: 50--59, G6: 60--69, G7: 70--79, and G8: \>79 years of age. Additionally young children (4--7 years) were compared with older patients (\>7). Male and female patients just as left and right ET's were evaluated separately. Data were first tested for Gaussian distribution using D'Agostino Pearson omnibus test. If data followed a Gaussian distribution, ANOVA followed by Tukey post-hoc tests or paired (left-right comparison) or unpaired (male-female) t-tests were applied. Otherwise, Wilcoxon matched pairs signed rank tests, Mann-Whitney tests (unpaired) or Kruskal-Wallis tests (more than 2 groups) followed by Dunn's post hoc test were used.

Results {#sec007}
=======

A summary of all measures is given in [Table 1](#pone.0232655.t001){ref-type="table"}. In the following the focus is set on the ones of larger importance for a possible stent application. Data for patients with different pre-existing conditions such as cleft palate are presented in [Table 2](#pone.0232655.t002){ref-type="table"}.

10.1371/journal.pone.0232655.t001

###### Summary of the measured and calculated distances (in mm) and angles (in °).

![](pone.0232655.t001){#pone.0232655.t001g}

  Parameter                                                 All patients (n = 254)   Left side (n = 127)   Right side (n = 127)                                Male (n = 138)   Female (n = 116)
  --------------------------------------------------------- ------------------------ --------------------- --------------------------------------------------- ---------------- -----------------------------------------------------
  Length bony ET \[mm\]                                     11.7 ± 1.8               11.5 ± 1.7            11.9 ± 1.9[\*](#t001fn003){ref-type="table-fn"}     12.1 ± 1.7       11.2 ± 1.7[\*\*\*](#t001fn005){ref-type="table-fn"}
  Length cartilaginous ET \[mm\]                            28.6 ± 2.5               28.5 ± 2.5            28.6 ± 2.5                                          29.2 ± 2.4       27.8 ± 2.4[\*\*\*](#t001fn005){ref-type="table-fn"}
  Total length \[mm\]                                       40.3 ± 2.6               40.0 ± 2.6            40.5 ± 2.6                                          41.3 ± 2.6       39.0 ± 2.1[\*\*\*](#t001fn005){ref-type="table-fn"}
  Length of air filled ET from PO \[mm\]                    8.5 ± 3.8                8.2 ± 3.6             8.8 ± 3.9                                           7.6 ± 3.3        9.6 ± 4.0[\*\*\*](#t001fn005){ref-type="table-fn"}
  Distance PO to concha nasalis inferior \[mm\]             7.8 ± 1.9                7.8 ± 2.0             7.8 ± 1.9                                           7.8 ± 1.8        7.8 ± 2.1
  Angle between axis cart. ET and sagittal plane \[°\]      41.3 ± 4.7               41.3 ± 4.8            41.3 ± 4.6                                          41.2 ± 4.1       41.5 ± 5.3
  Angle between axis cart. ET and horizontal plane \[°\]    34.5 ± 6.8               35.4 ± 6.9            33.7 ± 6.7[\*\*](#t001fn004){ref-type="table-fn"}   34.9 ± 6.4       34.1 ± 7.3
  Angle of ET (curvature of ET) \[°\]                       165.1 ± 6.3              165.5 ± 6.4           164.7 ± 6.3                                         165.2 ± 5.7      165.1 ± 7.0
  Largest diameter at PO \[mm\]                             9.2 ± 2.3                9.1 ± 2.4             9.2 ± 2.3                                           9.5 ± 2.5        8.7 ± 2.1[\*\*](#t001fn004){ref-type="table-fn"}
  ... and at 90° \[mm\]                                     3.4 ± 1.2                3.5 ± 1.2             3.4 ± 1.2                                           3.4 ± 1.1        3.5 ± 1.2
  Distance of measurement from PO \[mm\]                    2.0 ± 1.2                1.8 ± 1.1             2.2 ± 1.2[\*](#t001fn003){ref-type="table-fn"}      1.4 ± 1.0        2.2 ± 1.3[\*\*\*](#t001fn005){ref-type="table-fn"}
  Maximal width of torus tubarius \[mm\]                    7.2 ± 1.1                7.0 ± 1.0             7.3 ± 1.2                                           7.3 ± 1.2        7.0 ± 1.0
  Largest diameter at TO \[mm\]                             6.8 ± 2.4                6.8 ± 2.5             6.9 ± 2.4                                           6.5 ± 2.2        7.1 ± 2.6
  ... and at 90° \[mm\]                                     3.0 ± 0.8                2.7 ± 0.7             3.2 ± 0.8                                           3.1 ± 0.8        2.8 ± 0.7
  Largest diameter half way between A and B \[mm\]          4.3 ± 1.9                4.1 ± 2.0             4.5 ± 1.8                                           4.0 ± 1.9        4.6 ± 1.8
  .. and at 90° \[mm\]                                      2.2 ± 0.9                2.0 ± 1.0             2.3 ± 0.9                                           2.1 ± 1.0        2.3 ± 0.9
  Angle between axis bony ET and sagittal plane \[°\]       43.3 ± 4.0               43.2 ± 4.4            43.4 ± 3.5                                          43.1 ± 3.7       43.6 ± 4.3
  Angle between axis bony ET and horizontal plane \[°\]     30.2 ± 5.8               31.0 ± 5.9            29.3 ± 5.6                                          30.2 ± 5.7       30.1 ± 5.9
  Angle between insertion axis of tool and cart. ET \[°\]   53.6 ± 3.3               53.8 ± 3.3            53.4 ± 3.3                                          53.6 ± 2.9       53.6 ± 3.7

Significant differences between sides are indicated behind values for the right side. Significant differences between genders are indicated behind values for females.

PO--pharyngeal orifice; TO--tympanic orifice; cart.--cartilaginous

\* p \< 0.05

\*\* p \< 0.01

\*\*\* p \< 0.001; n--number of ears included

10.1371/journal.pone.0232655.t002

###### Overview on values for patients with reported pre-existing conditions or interventions as far as these could be measured.

![](pone.0232655.t002){#pone.0232655.t002g}

                                                            Cleft palate (n = 6)   Dysgnathia (n = 14)   Anomaly (n = 6)   Tumor (n = 2)
  --------------------------------------------------------- ---------------------- --------------------- ----------------- ---------------
  Length bony ET \[mm\]                                     10.0 ± 1.6             11.2 ± 1.7            13.4 ± 1.6        12.3 ± 1.0
  Length cartilaginous ET \[mm\]                            26.4 ± 2.7             28.3 ± 3.7            27.2 ± 2.1        27.3 ± 1.2
  Total length \[mm\]                                       36.4 ± 2.0             39.4 ± 3.7            40.5 ± 3.0        39.6 ± 0.2
  Length of air filled ET from PO \[mm\]                    8.1 ± 0.8              7.5 ± 3.0             7.9 ± 2.2         6.2 ± 1.7
  Distance PO to concha nasalis inferior \[mm\]             8.7 ± 0.9              7.9 ± 1.3             7.3 ± 2.2         7.7 ± 1.8
  Angle between axis cart. ET and sagittal plane \[°\]      41.2 ± 2.9             42.2 ± 6.5            42.5 ± 1.2        42.8 ± 1.7
  Angle between axis cart. ET and horizontal plane \[°\]    22.5 ± 7.4             34.5 ± 14.9           27.0 ± 8.5        31.1 ± 3.4
  Angle of ET (curvature of ET) \[°\]                       169.0 ± 6.5            162.5 ± 5.6           164.8 ± 7.0       170.7 ± 4.7
  Largest diameter at PO \[mm\]                             9.1 ±1.9               8.5 ± 2.7             8.9 ± 2.4         n.m.
  ... and at 90° \[mm\]                                     2.3 ± 0.3              2.8 ± 0.6             3.0 ± 0.6         n.m.
  Distance of measurement from PO \[mm\]                    0.8 ± 0.6              1.4 ± 1.4             2.7 ± 1.9         n.m.
  Maximal width of torus tubarius \[mm\]                    6.0 ± 0.9              7.2 ± 1.4             7.3 ± 0.9         4.8 ± 0.3
  Largest diameter at TO \[mm\]                             6.7 ± 1.5              7.0 ± 2.1             9.4 ± 2.8         n.m.
  ... and at 90° \[mm\]                                     3.0 ± 0.5              3.1 ± 0.9             3.3 ± 0.7         4.4
  Largest diameter half way between A and B \[mm\]          3.7 ± 1.0              3.9 ± 1.5             5.7 ± 2.8         2.8
  .. and at 90° \[mm\]                                      1.9 ± 0.7              1.9 ± 1.0             2.6 ± 1.4         n.m.
  Angle between axis bony ET and sagittal plane \[°\]       42.7 ± 3.1             44.2 ± 4.7            44.7 ± 2.3        43.3 ± 0.5
  Angle between axis bony ET and horizontal plane \[°\]     18.9 ± 6.1             29.9 ± 13.7           22.7 ± 6.7        28.4 ± 1.2
  Angle between insertion axis of tool and cart. ET \[°\]   50.8 ± 2.7             55.2 ± 3.2            50.7 ± 1.6        51.2 ± 0.4

PO--pharyngeal orifice; TO--tympanic orifice; cart.--cartilaginous; n.m.--not measurable; n--number of ears included

The length of the ET was measured to be 40.3 mm ± 2.6 mm with a minimum of 34.5 mm and a maximum of 47.2 mm. The cartilaginous part comprised 28.6 mm ± 2.5 mm (min: 22.6 mm, max: 36.2 mm) and the bony part 11.7 mm ± 1.8 mm (min: 6.4 mm, max: 19.1 mm). The male ET was significantly (p \< 0.001) longer than the female ET. Average values for females and males as well as left and right are provided in [Table 1](#pone.0232655.t001){ref-type="table"}. For younger children (age 4--7) the ET was shorter (length: 37.9 mm; p \< 0.001) than in older patients (length: 40.1 mm). Similarly, differences were found when comparing age group G0 to groups G1, G2, G6, but also for group G8 in comparison to groups G1, G2, and G6 with G0 and G8 being shorter than the other groups. Age dependent comparison of the lengths of the cartilaginous ET resulted in differences between group G0 and groups G1 and G6, and between group G8 and groups G1 and G6. In these comparisons always the first mentioned groups had shorter cartilaginous ETs. The length of the bony ET was shorter in group G6 compared to groups G2 and G3. Individual data for the lengths of bony and cartilaginous parts and the entire ET are presented in [Fig 4](#pone.0232655.g004){ref-type="fig"}. Group mean values and standard deviations are additionally presented in [Fig 5](#pone.0232655.g005){ref-type="fig"}.

![Lengths of cartilaginous and bony parts of the ET of all patients together with the total length of the ET.\
Additionally indicated are values for patients with pre-existing conditions such as cleft palate (□), dysgnathia (△), anomalies (◇), or a tumor (▽). Open symbols refer to cartilaginous parts whereas filled symbols belong to bony parts and the entire ET. Also provided are best linear fits for all adult patients with normal conditions, their 95% confidence intervals and p-values. The slopes of the linear fits are different from zero for all compartments indicating a reduction in length with higher age.](pone.0232655.g004){#pone.0232655.g004}

![Total length of the ET (▲) and lengths of cartilaginous (■) and bony parts (●) of all patients without pre-existing conditions as sorted according to the age groups.\
Presented are mean values ± standard deviations (SD). \* p \< 0.05; \*\* p \< 0.01; \*\*\* p \< 0.001.](pone.0232655.g005){#pone.0232655.g005}

The detected opening of the ET from the pharyngeal orifice was on average 8.5 mm ± 3.8 mm ([Fig 6A](#pone.0232655.g006){ref-type="fig"}) but was significantly (p \< 0.001) shorter in males (7.6 mm) than in females (9.6 mm). This air filled part of the ET increased with age from 5.0 mm ± 2 mm (group G0) via 7.4 mm ± 1.8 mm (G1), 8.9 mm ± 4.5 mm (G2) to 11.8 mm ± 4.8 mm for the oldest patients (group G8; [Fig 6B](#pone.0232655.g006){ref-type="fig"}) and was significantly smaller in patients aged 4--7 compared to older ones (p \< 0.001).

![Lengths of the naturally open (air filled) part of the cartilaginous ET.\
An increase with age can be detected. **A:** Individual data for all patients. Additionally indicated are values for patients with pre-existing conditions such as cleft palate (□), dysgnathia (△), and anomalies (◇). Best linear fit for all adult patients with normal conditions, its 95% confidence intervals and p-value are provided. **B:** Group mean values for all patients without pre-existing conditions (mean ± SD). \* p \< 0.05; \*\* p \< 0.01; \*\*\* p \< 0.001.](pone.0232655.g006){#pone.0232655.g006}

The largest diameter of the cartilaginous ET as measured close to the PO was smaller (p \< 0.01) in females than in males (compare [Table 1](#pone.0232655.t001){ref-type="table"}) and for children at the age of 4--7 smaller than in older patients (p = 0.0002). No further age dependent differences were found. Findings were different for the diameter perpendicular to the largest one. Here, an increase with age was found, ranging from 2.5 mm ± 0.7 mm (group G0) to 4.3 mm ± 1.4 mm (group G8) with the differences between group G0 and groups G2 (p \< 0.05), G5 (p \< 0.05), G6 (p \< 0.001), G7 (p \< 0.001), G8 (p \< 0.001), group G1 and groups G6 (p \< 0.001), G7 (p \< 0.001), G8 (p \< 0.001), and group G7 and groups G3 (p \< 0.05) and G4 (p \< 0.05) being significant. The distance of the point of measurement (first circular closure of the cartilage around the still air filled lumen of the ET) from the PO was 2.0 mm ± 1.2 mm. This distance was larger for females than males (p \< 0.001). Surprisingly, it was also smaller on the left side than on the right side (p \< 0.001; all normal patients). No age dependent differences were found.

The distance of the pharyngeal orifice from the concha nasalis inferior was 7.8 mm ± 1.9 mm (min: 4 mm, max: 15 mm). An age dependent increase was found between groups G1, G2, G3 on one side and G7 and G8 on the other side. An overview for all patients is provided in [Fig 7](#pone.0232655.g007){ref-type="fig"}.

![Distance of the pharyngeal orifice of the ET from the concha nasalis inferior.\
This distance is important for the development of tools for atraumatic stent insertion into the ET. **A:** Individual data for all patients. Additionally indicated are values for patients with pre-existing conditions such as cleft palate (□), dysgnathia (△), and anomalies (◇). Best linear fit for all adult patients with normal conditions, its 95% confidence intervals and p-value are provided. **B:** Group mean values for all patients without pre-existing conditions (mean ± SD). \* p \< 0.05; \*\* p \< 0.01; \*\*\* p \< 0.001.](pone.0232655.g007){#pone.0232655.g007}

The angle between the axis of the cartilaginous ET (connection B-C) and the horizontal plane was 34.5° ± 6.8° (min: 19.4°, max: 57.3°) and was significantly smaller on the right side (p \< 0.01). Only in age group G2 this angle was larger than in group G0 (p \< 0.01). No differences were detected between genders (p = 0.2024) or between young children (4--7) and older patients (p = 0.1395). The angle between connection B-C and the sagittal plane was 41.3° ± 4.7° (min: 27.3°, max: 54.8°) with no significant differences at all. The curvature of the ET was calculated to be 165.1° ± 6.3° (min: 142.3°, max: 179.6°) ([Fig 8](#pone.0232655.g008){ref-type="fig"}) with no side, gender, or age specific differences.

![**Determined angles of the cartilaginous part of the ET with the sagittal (far left) and horizontal planes (central left) as well the angles between bony and cartilaginous parts (central right) and angles that should be covered by insertion tools (far right).** Upper and lower whiskers comprise 95% of values (2.5 to 97.5 percentile) and outliers are indicated. Values for standard patients are presented (black) as well as for cleft palate (white), anomalies (light grey) and dysgnathia (dark grey).](pone.0232655.g008){#pone.0232655.g008}

Regarding the design of any application tools, the angle between the axis B-C and the insertion axis of an instrument through the nose parallel to horizontal and sagittal planes was calculated. On average the deviation from the insertion axis is 53.6° ± 3.3° (min: 42.6°; max: 63.5°). No differences were detected in any of the comparisons.

Patients with pre-existing conditions are included in Figs [4](#pone.0232655.g004){ref-type="fig"} and [6](#pone.0232655.g006){ref-type="fig"}--[8](#pone.0232655.g008){ref-type="fig"}, but highlighted. Cleft palate patients might have slightly shorter cartilaginous ET's and smaller angles in relation to the horizontal plane but due to the relatively low numbers, no statistical evaluation was performed.

Discussion {#sec008}
==========

In order to develop stents for application in the human ET it is crucial to have information on dimensions of the ET and its position in the head. Using a stent, ventilation of the middle ear via the ET shall be restored but a permanently open ET is to be avoided. To achieve this goal, the length of the stent will--if inserted only in the cartilaginous part of the ET--always be shorter than the length of the cartilaginous ET. Furthermore, in case the ET is naturally not completely closed all the way to the pharyngeal orifice, the possible length of the stent would get reduced further. In addition, it was known that the length of the ET is increasing with age in children \[[@pone.0232655.ref016]\], and a linear increase of the intranasal volume with age \[[@pone.0232655.ref017]\] was also described earlier. Therefore, age dependent changes in at least some measures being important for stent development were to be expected and in the current study, one focus was put on the evaluation of possible age-related changes.

CBCT images were used for this evaluation as images at high resolution are captured using less radiation compared to conventional CT scans \[[@pone.0232655.ref018],[@pone.0232655.ref019]\]. Patients with any pre-existing conditions were excluded. For cleft palate patients it is known that an enlarged nasopharynx can be expected, leading to a compression of surrounding structures including the ET \[[@pone.0232655.ref020]\]. Patients with reported dysgnathia were excluded because the severity of dysgnathia could not be classified from the patient folders and at least for severe dysgnathia a possible influence on the anatomical structures of the pharynx was described earlier \[[@pone.0232655.ref021]\]. One included patient was found with a patulous ET that was not documented before. It cannot be ruled out whether this was an artifact due to yawning or swallowing during the scan. Nonetheless this seems to be very unlikely as movement artifacts would have been expected in the images as well.

Many different measures were collected and are just reported in [Table 1](#pone.0232655.t001){ref-type="table"}. In results and discussion sections it was concentrated on the expectedly most important ones for the application of stents into the ET. The resolution of the scans was set to 0.3 mm. Furthermore, due to technical limitations and movement artifacts of patients, a resolution higher than 0.5 mm is not realistic \[[@pone.0232655.ref022]\]. This provides a relatively large error for all measurements (both ends of a line can be affected). Individual lengths can be under- or overestimated. Due to the relatively large number of patients an equal distribution can be assumed and average values are expected to be less affected. Additionally, as this is a retrospective study, scans of every patient were taken at optimal settings for the individual patient. Therefore, some differences in settings might have influenced the presentation of different tissues such as mucosal thickness.

Dimensions of the ET were reported earlier also by other groups. One more recent study \[[@pone.0232655.ref023]\] used CT scans and compared the lengths of the ET of children with and without otitis media with effusion with adults, but did not distinguish between cartilaginous and bony parts. They determined the total length of the tube of adults to be between 42.5 mm and 42.9 mm (left / right) respectively. The average length for all patients aged \>7 in the current study was 40.5 mm. The decision to split the patient group at the age of 7 was done as it was earlier described that ET measures of approximately 7 years old children were already comparable to the ones of adults \[[@pone.0232655.ref023]\]. Moreover, using a single line from the pharyngeal orifice to the tympanic orifice as in Takasaki et al. \[[@pone.0232655.ref023]\], should lead to a slight underestimation due to missing the curvature of the ET. Therefore, the most likely explanation for the difference is the methodological difference in determination of especially the tympanic orifice. The values for children are perfectly comparable between both studies, but the average age in Takasaki et al. \[[@pone.0232655.ref023]\] was 4 years whereas it was 5.9 years in the current study. As the length of the ET is increasing with age in children \[[@pone.0232655.ref016]\], the measured length probably would have been smaller again in age matched children in the current study. It could also be that this difference is simply genetically determined due to the different origin of the two cohorts (Asian and Caucasian).

In older studies, the lengths of the entire ET were with 36.4 mm (range 34--40 mm) \[[@pone.0232655.ref024]\] and 36.2 mm (range 31.2--42.4 mm) \[[@pone.0232655.ref025]\] and the lengths of the cartilaginous part with 24.6 mm (range 21.5--27 mm) \[[@pone.0232655.ref024]\] and 25 mm (range 24--25 mm) \[[@pone.0232655.ref026],[@pone.0232655.ref027]\] smaller than the 40.3 mm (entire ET) and the 28.6 mm for the cartilaginous part in the current study. However, these previous studies were performed in cadavers and due to fixation and histological evaluation little shrinkage was to be expected. Bone is less affected by shrinkage \[[@pone.0232655.ref028]\], indicating that the differences might be caused by shrinkage of the oft tissue in the old studies. Results for the length of the bony ET were with 13.4 mm \[[@pone.0232655.ref024]\], 7.6 mm \[[@pone.0232655.ref025]\] and 11--12 mm \[[@pone.0232655.ref026]\] better comparable to the 11.8 mm in the current study. Having found a range in length of the cartilaginous part of the ET from 22.6 mm to 36.2 mm suggests the requirement for an imaging of the ET before implantation of a stent to provide the best solution for the individual patient and maybe it also enables locating the position of the stenosis as suggested by Tarabichi and Kapadia \[[@pone.0232655.ref029]\].

Generally, the length of the ET was larger in males compared to females. This can most likely be explained by the different body size, even though not known for included patients. Furthermore, the right bony ET was significantly longer than the left bony ET even though the difference was with 0.5 mm very small. We can only speculate that this was found by chance due to the resolution of the images or that it is correlated with the described lower fossa cranii media on the right side \[[@pone.0232655.ref030]\].

With age, the length of the ET decreased, the open length of the cartilaginous part increased and the distance of the pharyngeal orifice from the conchae increased. This is especially true for patients being 70 years of age or older and can be explained by the clinical observation of an atrophic gland tissue in elderly people. An age related change in the epithelial layer of the ET was described earlier \[[@pone.0232655.ref031]--[@pone.0232655.ref033]\]. Additionally, a linear increase of the intranasal volume with age \[[@pone.0232655.ref017]\] and a decrease in gland tissue with age was also reported for the conchae nasalis \[[@pone.0232655.ref034]\]. As the distance between PO and concha nasalis inferior was measured, this could potentially also be influenced be any medications the patients used.

Of huge importance for an atraumatic insertion of stents into the ET are the angles against horizontal and sagittal planes. Due to the definition of the horizontal plane by the palatum durum and the sagittal plane by the nasal spines, their orientation was fixed. Therefore only the projections of the ET on these planes were measureable and the true angles had to be calculated. Our values (34.6°) are very similar to the values (34° - 36°) provided by literature \[[@pone.0232655.ref005],[@pone.0232655.ref034]\], when also the palatum durum was taken as reference and also comparable to the 35.6° as given by Pahnke \[[@pone.0232655.ref025]\] and measured against the Frankfort horizontal plane. Values given by Takasaki et al. \[[@pone.0232655.ref023]\] were with 27.3° smaller and measured against Reid's baseline. If the 7° difference between Reid's baseline and the plane of the palatum durum is taken into account, also this value fits very well. Same is true for the angle against the sagittal plane, were 42° (range 33--50°) are reported for measurements at cadavers \[[@pone.0232655.ref035]\]. The deviation of the course of the cartilaginous part of the ET from the insertion axis of any tool (parallel to the intersection of horizontal and sagittal plane) was then calculated to be 53.7° on average with a range from 42.6° to 63.5°. This means, any tools to manipulate the ET or to insert stents into the ET as atraumatic as possible should cover angles from at least 42° to 64°, even better add some more variability to really fit all patients.

In the current study the angle between cartilaginous ET and horizontal plane was with a difference of 1.7° significantly smaller on the right side compared to the left one. A difference between sides of 3° was already described earlier by Pahnke and can be explained by the above mentioned lower Fossa cranii media on the right side \[[@pone.0232655.ref030]\].

It is known that the slope of the ET is shallower in young children \[[@pone.0232655.ref016]\]. A difference between children and adults was not found within the current study. This could have been missed in our data because only 4 children were 4 or 5 years old. For children aged between 1500 and 2000 days (approximately 5 years), angles are to be expected in the angle range found in adults \[[@pone.0232655.ref023]\].

Conclusion {#sec009}
==========

The current study provides the most detailed collection of different measures regarding dimensions and position of the ET in humans available so far. Additionally, it provides specifications that stents and tools for positioning of a stent should cover.
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